Gaegurin 4 (GGN4), an antimicrobial peptide isolated from a Korean frog, is five times more potent against Gram-positive than Gram-negative bacteria, but has little hemolytic activity. To understand the mechanism of such cell selectivity, we examined GGN4-induced K ＋ efflux from target cells, and membrane conductances in planar lipid bilayers. The K ＋ efflux from Gram-positive M. luteus (2.5 μg/ml) was faster and larger than that from Gram-negative E. coli (75 μg/ml), while that from RBC was negligible even at higher concentration (100 μg/ml). GGN4 induced larger conductances in the planar bilayers which were formed with lipids extracted from Gram-positive B. subtilis than in those from E. coli (p＜ 0.01), however, the effects of GGN4 were not selective in the bilayers formed with lipids from E. coli and red blood cells. Addition of an acidic phospholipid, phosphatidylserine to planar bilayers increased the GGN4-induced membrane conductance (p＜ 0.05), but addition of phosphatidylcholine or cholesterol reduced it (p＜ 0.05). Transmission electron microscopy revealed that GGN4 induced pore-like damages in M . luteus and dis-layering damages on the outer wall of E. coli. Taken together, the present results indicate that the selectivity of GGN4 toward Gram-positive over Gram-negative bacteria is due to negative surface charges, and interaction of GGN4 with outer walls. The selectivity toward bacteria over RBC is due to the presence of phosphatidylcholine and cholesterol, and the trans-bilayer lipid asymmetry in RBC. The results suggest that design of selective antimicrobial peptides should be based on the composition and topology of membrane lipids in the target cells.
INTRODUCTION
Gaegurin 4 (GGN4) is one of 6 gaegurin peptides isolated from Rana rugosa, and consists of 37 amino acid residues with net 4 positive charges and one intra molecular disulfide bond on C-terminal 'rana box' (Park et al, 1994) , which is a hepta peptide module conserved among antimicrobial peptides from the species in the genus, Rana (Morikawa et al, 1992; Simmaco et al, 1993; Clark et al, 1994; Park et al, 1994) . Recently, esculantin-2EM has been suggested as new name of GGN4 (Won et al, 2009 ), according to the nomenclature suggested by Conlon (2008) . GGN4 shows a broad-spectrum of antimicrobial activity against Gram-positive and Gram-negative bacteria, fungi and protozoa with little or no hemolytic activity at concentrations showing antimicrobial activity. Several lines of evidences indicate that the antimicrobial activity of GGN4 results from its pore-forming activity. For example, GGN4 forms cation-selective and voltage-dependent channels in lipid membranes (Kim et al, 1999) . Estimation of diameters of GGN4-induced pores by analytical ultracentrifugation indicates that GGN4-induced pores are composed of 5 GGN4 molecules or more with a diameter of 7.3 Å (Eun et al, 2006) . The studies with nuclear magnetic resonance (NMR) spectroscopy also predicted the molecular structure of GGN4-induced pores and its shape (Chi et al, 2007; Park et al, 2007) . The Rana box of GGN4 (C-terminal heptapeptide) is required for high ionophoric activity of GGN4, but does not participate in forming the pore (Kim et al, 2004) . The disulfide bond, common to the 3 rd group of Boman's classification of antimicrobial peptides (Boman, 2000) does not strongly affect the conformation and the antimicrobial activity (Park et al, 2000) .
Antimicrobial activity of GGN4 is more potent against Gram-positive than Gram-negative bacteria, and respective minimum inhibitory concentrations (MIC) are 2.5 and 75 μg/ml. However, GGN4 does not affect RBC at this range of concentration (Park et al, 1994) . In support of these findings, the ionophoric activity of GGN4 evaluated by measuring K ＋ efflux is far more potent in Gram-positive bacteria than in Gram-negative bacteria or RBC (Kim et al, 2004) .
However, little is known about the mechanisms of the selective toxicity of GGN4 against Gram-positive and Gram-negative bacteria, and RBC. Human and other mammalian RBC membranes predominantly consist of zwitterionic lipids such as like phosphatidylcholine (PC), sphingomyelin, and phosphatidylethanolamine (PE). In contrast, bacterial membranes characteristically contain negatively charged lipids such as phosphatidylglycerol, and cardiolipin. Interestingly, Gram-positive bacterial membranes contain more negatively charged lipids and less neutral lipids compared to that of Gram-negative bacteria (Gennis, 1991) . In addition, the abundance of cholesterol in RBC membranes and its absence in bacterial cells may underlie the different hemolytic activity of the peptides (Ames, 1968; Cronan & Roy, 1972; Gennis, 1991) . For the antimicrobial peptides, it has been suggested that the selective activity of antimicrobial peptides is due to the differences in membrane lipid compositions of target cells (Matsuzaki et al, 1989; Zasloff, 2002; Gidalevitz et al, 2003 ; see for review Matsuzaki, 2009) .
In this study, we hypothesized that the high sensitivity of Gram-positive bacteria and low sensitivity of Gram-negative bacteria and RBC to GGN4 is due to the differences in the lipid composition of cell membranes and/or wall. To test this hypothesis, we examined the pore forming activity of GGN4 by measuring GGN4-induced conductances in the planar lipid bilayers, and GGN4-induced K ＋ efflux from bacteria and RBC. We also examined morphological changes of bacterial cell membranes when treated with GGN4 using transmission electron microscopy.
METHODS

Planar lipid bilayers
Planar lipid bilayers (Kim et al, 1999) were formed by painting lipid solution over an aperture (200 μM) of a plastic cup (0.6 ml) using a fire-polished glass rod in a buffer containing 10 mM N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) adjusted to 7.4 with 1 M N-methyl d-glucamine (NMDG) or KOH. Lipid solutions were made by a mixture of phospholipids, cholesterol, or extracted lipids at a certain proportion of each lipid in n-decane (25 mg/ml).
Formation of the bilayers was visualized on an oscilloscope screen as increase of membrane capacitances while applying a triangular wave under voltage clamp. The final capacitances of the membranes ranged from 100 to 200 pF. When the leak current was larger than 1 pA at 100 mV, a new membrane was formed. The final salt concentrations were adjusted by adding an appropriate amount of 3 M KCl to the front compartment of the recording chamber (1.2 ml, designated as "cis" compartment). A small amount (1∼5 μl) of the stock peptide (45 or 450 μg/ml) was added to the cis chamber and the solution was stirred with a small magnet bar (1×3 mm). The final concentrations of GGN4 were in the range of 0.01∼5 μg/ml (2.7∼1,350 nM). Formation of the pores (channels) was identified as an abrupt shift or appearance of the gating-like fluctuation of the current trace from an oscilloscope screen.
Electrical measurement and data analysis
GGN4-induced currents were measured at steady voltage or ramp voltage command by using an amplifier designed for bilayer experiments (BC525A, Warner Instr. Co., Hamden CT, USA; Park et al, 2003) . The amplifier headstage was connected to the bath via an agar (3%) bridge to reduce junction potentials. Electrode asymmetry was corrected at symmetrical salt condition before formation of the bilayers. GGN4-induced currents were directly stored on a personal computer using a Digidata 1,200 data acquisition unit (Axon Instrument. Co., Foster City, CA, USA), VTR tapes using a VR-10 digital data recorder (Instrutech Corp., New York, NY, USA), and also recorded on a pen recorder. We used a software, pClamp (Version 6.03, Axon Instrument. Co., Foster City, CA, USA) for voltage command, and measurement of current amplitudes and reversal potentials. The data were presented as mean±standard error of mean. By convention, we designated the compartment we added the peptide as "cis" and the other as "trans" compartment. Membrane potential was defined as that of the cis compartment with respect to that of the trans compartment, and the current flow from cis to trans compartment as "outward current". The current-voltage relations were obtained either by measuring the amplitude of unitary conductance of GGN4-induced current, or by applying a ramp voltage command from −80 to ＋80 mV or from ＋80 to −80 mV for 3 seconds. In particular, since the lifetime of the bilayers formed with extracted lipids (in particular, Bacillus subtilis) was very short (＜1 min) in the presence of GGN4, it was difficult to measure the conductances for multiple GGN4 concentrations using 100 mM KCl ion salt solution. Therefore, the membrane conductances at a single concentration of GGN4 were measured in given membranes formed with extracted lipids in 25 mM KCl solution. GGN4-induced conductances usually reached a steady-state at 7∼10 min after the addition of GGN4. Therefore, we applied the ramp pulses after a 10 min of continuous stirring. The membrane conductance (g) was obtained from current-voltage relations by Ohm's law, g=I/V, in which I is current and V is voltage. The single channel data were filtered at 500 Hz (−3 dB, corner frequency, 8-pole Bessel filter) and digitized at a sampling rate of 2 kHz.
Measurement of K
＋ efflux from bacteria and human RBC Micrococcus luteus (M. luteus, ATCC4698) and Escherichia coli (E. coli, JM109 were grown to the mid-logarithmic growth phase at 37 o C in a medium containing bacto-trypton (1%), yeast extract (0.5%), and NaCl (0.5%). The cells were washed three times with an incubation solution containing 0.15 M NaCl, and 10 mM HEPES-NaOH (pH 7.0, 37 o C), and then resuspended in the same buffer at 10 8 cfu/ml. The K ＋ efflux from the cells was monitored by a K ＋ ion-selective electorde (Phoenix Co.) connected to an ion meter at 22∼ 24 o C. The electrode exhibits a Nernstian response (53 mV/decade) from 10 −5 to 10 −3 M. The cell viability was also determined during K ＋ efflux experiment. Briefly, bacterial samples were taken at fixed intervals, diluted with the incubation solution and dispersed on a Luria Bertani agar medium. The viability of bacterial cells was determined by counting colonies after 1 day of incubation at 37 o C. RBCs were isolated from human blood treated with heparin by centrifuging for 10 min at 1,000 g. Cells were washed twice with a solution containing 0.15 M NaCl, 10 mM HEPES, and 1 mM EDTA (pH 7.4) and suspended at a concentration of 1% (v/v). Total amount of K ＋ efflux from both bacteria and RBCs was determined by disrupting cells with 0.5% Triton X-100. 
Purification of bacterial and RBC membrane lipids
Bacterial membrane lipids were extracted and purified by modified method of Ames (1968) . E. coli (JM109) or B. subtilis (KCTC1021) cells (300 g, wet weight) were resuspended by homogenization in 347 ml of distilled water. From this step on, all operations were performed under an atmosphere of nitrogen and protected from light. The homogenized cells were transferred to a glass-stoppered bottle and stirred with a magnetic bar, and chloroform (0.7 L) and methanol (1.4 L) were then added and stirred for 12 hr. Particulate debris were removed from the extract by centrifugation at 900 g for 15 min and the clear supernatant was collected. Lipids were separated from water-soluble substances by sequential addition of chloroform (645 ml) and distilled water (645 ml). Then, the mixture was stirred for 3 hr at room temperature. The magnetic stirrer was turned off in order to allow the extract to settle and partition into 3 distinct layers: an upper phase consisting of methanol-water, a brown particulate inter-phase, and a lower layer of chloroform. The chloroform phase was carefully recovered and evaporated to dryness in a rotary evaporator at 30 o C. The dried residue was stored at −70 o C. Membrane lipids of RBC were extracted by the procedures of Agre and Benett (1988) . RBCs were separated from platelet rich plasma by centrifugation (180 g, 20 min, 22 o C), and washed three times with a citrate/saline buffer. The ghosts of RBC (100 to 200 ml) were prepared by hypotonic lysis (7.5 mM NaH2PO4, 1 mM EDTA, pH 7.5) of washed RBCs. Contaminated leukocytes and platelets that were resistant to lysis were removed by discarding the small thick white pellet under the fluffy red cell ghost layer after each centrifugation. Washed RBC ghosts were extracted with solvent mixture (Ghosts：H2O：MeOH：CHCl3, 1：3：10：5, v/v/v/v) by stirring for 30 min at 22 o C, and the extract was dried with a rotary evaporator and stored at −70 o C. Total lipid phosphorus was assayed by the modified Ames method (Lau et al, 1979) . Briefly, to 0.01∼0.1 ml of phosphate sample in a Pyrex test tube was added 50 μl of 10% Mg (NO3)2 in 95% alcohol. The mixture was dried and shed by shaking the tube over a strong flame until brown fumes disappeared. The tube was then allowed to cool, and 0.3 ml of 0.5 N HCl was added. The tube was heated in a boiling water bath for 15 min to hydrolyze the pyrophosphate formed in ash to phosphate. Cooling the tops of the tubes by a stream of air helped to minimize evaporation. After the tube was cooled, 0.7 ml of a mixture (10% ascorbate: 0.42% molybdate, 1：6, v/v) was added, and the tubes were incubated for 20 min at 45 o C and read at 820 nm. The phosphorus contents were calculated by a calibration curve obtained using KH2PO4.
Transmission electron microscopy
M. luteus and E.coli cells were prepared as described in K ＋ efflux study. M. luteus and E.coli of 10 8 cfu/ml were incubated with GGN4 for 30 min at their MIC levels (2.5 μg/ml for M. luteus & 75 μg/ml for E.coli). After incubation, bacterial cells were fixed in a modified Karnovsky's fixative (Kim & Fulton, 1984) , consisting of 2% glutaraldehyde and 2% paraformaldehyde in 50 mM sodium cacodylate buffer (pH 7.2), for 2 h at room temperature under a low vacuum. The specimens were rinsed twice with the same buffer and postfixed in 1% osmiumtetroxide for 2 h, en bloc stained overnight in 0.5% aqueous uranyl acetate at 4 o C, and dehydrated in an ethanol series before they were embedded in Spurr's low viscosity medium. Embedded samples were sectioned with a diamond knife and double stained with 2% aqueous uranyl acetate for 5 min and lead acetate before examination under a JEOL1010 electron microscope (Tokyo, Japan). Experiments were repeated at least five times with different samples for both bacteria.
Chemicals
Natural gaegurin 4 was purified from the skin of frogs as described previously, and the purity (＞99.9%) was confirmed by analytical HPLC (Park et al, 1994) . Synthetic GGN4 (MW 3,748) was purchased from American Peptide Co. (Sunnyvale, CA, USA). The peptide purity determined by reverse phase HPLC and MASS spectrometry was ＞99.9%. Synthetic phospholiplids such as palmitoyloleoyl phosphatidylethanolamine (PE), palmitoyloleoyl phosphatidylcholine (PC), and palmitoyloleoyl phosphatidylserine (PS) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). All other reagents were of highest analytical grade purchased from Aldrich Chemical Co. (Milwaukee, WI, USA) or Sigma Chemical Co. (St. Louis, MO, USA). 
RESULTS
Heterogeneous membrane conductances-induced by GGN4 in planar lipid bilayers
As reported previously (Kim et al, 1999) , GGN4 (0.01∼ 1 μg/ml) induced membrane currents immediately after applying it to planar lipid membranes. Fig. 1A shows typical example of the membrane conductances induced by GGN4 (0.3 μg/ml) in planar lipid bilayer formed with PE：PS (1： 1) under asymmetric condition (200/0 mM KCl). The conductances continued to increase, and eventually membranes were broken up in the presence of GGN4. In the absence of GGN4, such membrane conductances were not observed (data not shown). GGN4-induced channels were heterogeneous in their conductance and gating. In about half of bilayers tested, GGN4 induced discrete gating-like activities with fixed conductance levels ( Fig. 1B and 1C) , whereas GGN4 induced conductances appeared like a simple leakage or erratic fluctuations in other half of membranes.
GGN4-induced K
＋ efflux from bacteria and human
RBCs
Efflux of intracellular K ＋ ions is commonly used to evaluate the ability of pore-forming antimicrobial peptides (Orlov et al, 2002) . To compare the channel forming ability of GGN4 directly in living cells, we examined K ＋ efflux from Gram-positive (M. luteus) and Gram-negative bacteria (E. coli), and RBC (Fig. 2) . Fig. 2A shows that GGN4 induced K ＋ efflux from M. luteus in a concentration-dependent manner. At 0.5 μg/ml, GGN4 induced little K ＋ accumulation from M. luteus, however, the peptide induced a rapid and concentration-dependent K ＋ efflux at 2.5 and 12.5 μg/ml and reached a steady state within 2 min. The time to steady-state was faster, and the level of steady state of K ＋ efflux was higher with increasing GGN4 from 2.5 to 12.5 μg/ml. In addition, the viability of M. luteus rapidly reduced to below 50% within 5 min (Fig. 2D) . In contrast, the K ＋ efflux from E. coli was not observed at 2.5 μg/ml, and a noticeable K ＋ efflux was observed at 75 μg/ml, which is equivalent to the MIC of GGN4 to E. coli. In addition, the time to steady state is far slower (∼30 min, not illustrated) than that in M. luteus (Fig. 2B) . The efflux of K ＋ from human RBC was not observed at 2.5 μg/ml, and a weak and slow K ＋ efflux was observed at 100 μg/ml. The GGN4-induced K ＋ efflux from RBC was below 10% of total amount of K ＋ even at 50 min after application of GGN4.
Collectively, these results suggest that the ionophoric ability of GGN4 is closely correlated with its antimicrobial activity in live cells.
Effect of membrane lipids extracted from bacterial and RBC cells on GGN4-induced membrane conductances
To determine whether cell selectivity of GGN4 is related to membrane lipid composition of target cells, we formed planar lipid bilayers with lipids extracted from target cells such as B. subtilis, E. coli, and human RBC, and tested its ionophoric activity. GGN4 (0.03 μg/ml) readily induced the currents within 2∼4 min in membranes formed with lipids extracted from B. subtilis (Fig. 3A) . Once the conductance started to increase, the currents continued to increase and the bilayer was eventually disrupted. However, for the membranes formed with lipids extracted from E. coli, the same concentration of GGN4 produced little change in the membrane conductance, and higher concentrations of GGN4 were required to induce channel-like activities. Even with higher concentration of GGN4 (0.1 μg/ml), the 4 . Effects of addition of PC, PS and cholesterol to the lipid bilayers on GGN4-induced conductances. Slope conductances of the membrane at each GGN4 concentration were estimated from the current-voltage relations as shown in Fig. 3 . Solid lines are drawn by the linear regression of double logarithmic concentrationconductance relations. Respective slopes of log space (conductance, pS) vs. log. (concentration, μg/ml) are 0.391, 0.546, 0.738 and 0.704 for PE, PE：PC, PE：PC：PS, and PE：PC：PS：CS membranes, respectively. PE, 100% phosphatidylethanolamine; PE：PC, 80% phosphatidylethanolamine and 20% phosphatidylcholine; PE：PC： PS, 80% phosphatidylethanolamine, 10% phosphatidylcholine and 10% phosphatidylserine; PE：PC：PS：CS, 50% phosphatidylethanolamine, 10% phosphatidylcholine, 10% phosphatidylserine, and 30% cholesterol. Symbols and bars represent the means and error bars of slope conductances, respectively, measured from 3∼6 bilayers, except the data point at 0.3 μg/ml in PE：PC：PS：CS membrane, where n=2.
conductances were smaller than those induced by GGN4 (0.03 μg/ml) on bilayers of B. subtilis membranes at ＋30 mV. The effects of GGN4 on RBC membranes were similar to those on E. coli membranes (not illustrated). The mean slope conductances induced by GGN4 in lipid bilayers from B. subtilis were more than 100 times larger than those from E. coli or RBC (Fig. 3B, 1,660 vs. 3.5∼10 pS, n=6; p＜0.01).
Effects of synthetic membrane lipids on the GGN4-induced membrane conductances
To further examine the effects of membrane lipids on ionophric activity of GGN4, we measured GGN4-induced conductances in the membranes containing various synthetic lipids such as PC, PS and cholesterol (Fig. 4, symbols) . Addition of PC (30%) reduced the slope conductance induced by GGN4 (0.03∼0.3 μg/ml) to one third to one fifth of that in PE (100%; 568±74 pS, n=4 vs. 175±77 pS, n=3, p＜0.01, at 0.1 μg/ml). The GGN4-induced slope conductances in PC containing membranes were significantly smaller than those in pure PE membranes at all three concentrations tested (p＜0.01, n=3 for PE and 4 for PE：PC membranes). In contrast, addition of PS to PE：PC membranes significantly increased the GGN4-induced slope conductance by 6∼7 folds (175±77 pS, n=3 vs. 1,202±42 pS, n=3; p＜0.01, at 0.1 μg/ml). As shown in Fig. 1C , the GGN4-induced unitary conductances in PS containing membranes are also larger than those in neutral PE membranes. Mean amplitude of the unitary currents in 70% PS membranes was approximately 2 times larger than that in PE membranes (151.85±30.02 pS, n=14 vs. 63.45±11.4 pS, n=11; p＜0.05). Addition of cholesterol (CS) to PE：PC：PS membrane again significantly reduced the GGN4-induced membrane conductances to about one sixth (1202±42 pS, n=3 vs. 133±64 pS, n=5; p＜0.001, at 0.1 μg/ml). As shown in Fig. 4 , the concentration-conductance relations were linear in double logarithmic curves (solid lines) and grossly parallel. The slope values ranged from 0.391 to 0.738 with the correlation coefficients of 0.964∼0.999. Addition of PC increased the slope of the concentration-conductance relation curves from 0.391 to 0.546, while reducing the ionophoric effect of GGN4. Addition of PS increased the slope from 0.546 to 0.738, while increasing the ionophoric effect of GGN4. However, addition of CS did not significantly change the slope of the double-logarithmic curves of concentration-conductance relations although the GGN4-induced conductances were reduced (0.738 vs. 0.704). 
Damages on membranes of bacteria when treated with GGN4
In order to directly visualize the effect of GGN4 on the bacterial membranes, we examined the GGN4-induced morphological changes by transmission electron microscopy in Gram-positive and Gram-negative bacteria after treatment with at 2.5 and 75 μg/ml GGN4 for 30 min; the concentrations of GGN4 found to induce K ＋ -efflux (see Fig. 2 ). The untreated M. luteus cells (230∼916 nm in diameter) showed dark cytoplasm with smooth wall (∼34 nm, Fig. 5A ), whereas the treated cells showed obvious disruptions of different length in the bacterial wall and/or membrane (arrows in Fig. 5B ; 55, 125, 263 nm) and less dark cytoplasm. The bacterial cells showing such changes are mostly at diploid stage. Fig. 5C illustrates the bacterial cytoplasm being leaked out through a pore (∼55 nm in diameter) in a diploid bacteria, which still has considerable electronic density (Fig. 5C ). Damaged cells also showed a region of low electronic density filled with fibrilary structures and small spots of higher electronic density in the cytoplasm. The cytoplasmic contents were heavily depleted in some cells. The untreated E. Coli cells of cross (∼625 nm) or horizontal sections (∼2,420 nm) had dark cytoplasm and rough walls (∼32 nm). The treated E. coli cells showed lower electronic density than the untreated E. coli (Fig. 5 D and E) . Numerous long bleb-like structures were found, and some of them continued from the outer wall of the E. coli cells (arrows, Fig. 5E ), indicating that outer walls of E. coli cells are separated by layer by layer from the cell body. The obvious deformity was rarely observed in the inner membranes of E. coli. Fig. 5F illustrates a space developing between outer wall and inner membrane of an E. coli cell at an area affected by GGN4. In addition, the localized spots of higher electronic density were also observed within the cytoplasm of an affected E. coli.
DISCUSSION
This study shows the mechanisms of selective actions of GGN4 toward Gram-positive bacteria over Gram-negative bacteria, or toward bacterial cells over RBC. We found that such selective activity of GGN4 is likely due to the differences in the property of phospholipids in the membranes and the topology of phospholipids.
M echanisms of selective activity of GGN4 on Grampositive over Gram-negative bacteria
In this study, GGN4-induced K ＋ efflux was much less in RBC than that in Gram-positive and Gram-negative bacteria at respective MIC levels (2.5 and 75 μg/ml, Park et al, 1994) . GGN4 also induced a significantly higher membrane conductance (＞×400) in the bilayers formed with lipids from Gram-positive bacteria than in the bilayers from Gram-negative bacteria (Fig. 4) . These findings are in good agreement with its antimicrobial activity (Park et al, 1994) , and suggest that the selective activity of GGN4 against Gram-positive bacteria could be due to the differences in the property of lipid membranes. In view of the fact that GGN4 has net 4 positive charges (Park et al, 1994) , it is likely that GGN4 preferentially binds to negatively charged lipids compared with zwitterionic phospholipids such as PE. This idea is supported by our present findings that pore forming ability of GGN4 was more pronounced in negatively charged membranes (larger slope conductances and unitary currents) than neutral lipid membranes. This observation is also in agreement in part with Park et al. (2003) , who showed that the ionic currents through Ca 2＋ -activated K ＋ channels are larger in the planar lipid bilayers containing acidic phospholipids such as PS or phosphatidylinositol. The findings that addition of PS to the planar bilayers increased the slope of double logarithmic concentration-conductance curves (from 0.391 to 0.738) also indicate that more peptides are involved in the ionophoric activity in the bilayers containing PS (Kagan et al, 1990) . It is known that the portions of negatively charged lipids such as phosphatidylglycerol and cardiolipin are rich in B. subtilis membranes (70∼80%; Bishop et al, 1967; Clejan et al, 1986) , but low in the membranes of E. coli cells (17∼ 26%; Bishop et al, 1973; Morein et al, 1996) . Therefore, the higher ionophoric activity of GGN4 in the bilayers formed with the lipids from Gram-positive bacteria, B. subtilis, is likely due to a stronger electrostatic interaction of positive charges in GGN4 molecules and negative surface charges on the planar lipid bilayers (Dathe et al, 1996) . These results also indicate that GGN4 belongs to the family of antimicrobial peptides such as magainin, cecropins, and dermaseptins, which have positive charges and hydrophobicity, and are selective toward bacteria (see for reviews, Matsuzaki, 1999; Shai, 2002) .
The transmission electron micrographs of treated bacteria also indicated that the mode of antibacterial effects of GGN4 is different between Gram-positive and Gram-negative bacteria. A 30 min-treatment of GGN4 at MIC induced pore-like discontinuation in both inner and outer membranes of Gram-positive bacteria. Damaged M. luteus cells were mostly at diploid states. This might be due to the presence of lipid domains rich in acidic phospholipids, such as cardiolipin, in bacterial cell division (Dowhan, 1997; Matsumoto et al, 2006) . However, the mechanism of such high sensitivity of diploid Gram-positive bacteria remains to be studied further. In E. coli, the pore-like membrane damages were not obviously observed in the inner membranes, but a large part of the outer membrane in each cells was separated from the inner membranes in most cells affected. Such changes in the outer membranes seem to be different from the peptide-induced blebs observed in E. coli when treated with cecropin B or synthetic antimicrobial peptides (Shai, 2002) , because the membrane debris were waved, and did not form any closed space in GGN4-treated E. coli cells. These results suggest that linear GGN4 almost simultaneously acts on both inner and outer membranes in Gram-positive bacteria, but acts on the outer membrane first and on the inner membrane with a delay in Gram-negative bacteria. The mode of action of GGN4 in Gram-negative bacteria seems to be different from magainin 2, a 23 antimicrobial peptide from frog, in that cyclic magainin 2 is less active than linear form because the cyclic peptides are bulky and interact with outer membrane lipids such as lipopolysaccharides in Gram-negative bacteria and teichoic acids in Gram-positive bacteria (Shai, 2002) . Therefore, one could expect an interaction of GGN4 with these outer wall lipids by electrostatic interactions, but whether GGN4, which is larger than magainin 2 (23 vs. 37 amino acids), acts as linear or aggregated form remains to be further studied.
M echanisms of selective activity of GGN4 on bacteria over RBC
In the present study, the selective activity of GGN4 for bacterial cells over RBC was also confirmed. GGN4 induced much less K ＋ efflux in RBC than in Gram-positive or
Gram-negative bacteria. Such selectivity could be due to the differences in membrane properties such as surface charge, head group of phospholipids, and presence of cholesterol. Firstly, the selective activity of GGN4 may be due to PC present in the human RBC membrane. Human RBC is composed of PE, PC, PS, and sphingomylein (22, 25, 10, 18%), whereas bacterial membranes do not contain PC (Bishop et al, 1967; Bishop et al, 1973; Clejan et al, 1986; Gennis, 1991; Morein et al, 1996) . In this study, GGN4-induced conductance in PC containing membranes was significantly smaller than that in pure PE membranes, indicating that the selective activity of GGN4 could be due, in part, to PC in RBC membranes. The slope of double logarithmic curve of concentration-conductance curves was increased from 0.391 to 0.546 at concentrations of 0.03∼0.1 μg/ml, indicating an increase in the number of GGN4 molecules associated with bilayers. Although both PC and PE have a net neutral charge, PE and PC are not exchangeable in their response to electrochemical potential, because only PE can make hydrogen bond (Dowhan, 1997) indicating that GGN4 can discriminate PE membranes from PC containing membranes and this ability of GGN4 may play a role in its selective toxicity. However, further study is needed to clearly understand the molecular behaviors of GGN4 in the bilayers which are formed with PE alone or PE and PC. Secondly, the selective activity of GGN4 may be due to the smaller portion of acidic phospholipids in the human RBC membrane. As discussed above, the smaller amount of acidic phospholpids in RBC (10%) is responsible for the smaller ionophoric activity of GGN4 in RBC than in E. coli (17∼26%) or in B. subtilis (70∼80%). Another factor is the transbilayer asymmetry of membrane phospholipids; the acidic phospholipid, PS (10%), is not present on the outer leaflet, but on the inner leaflet of the bilayer of human RBC, therefore, one cannot expect any substantial electrostatic interaction between GGN4 and bilayers (Balasubramanian & Schroit, 2003; Daleke, 2008) . In the experiments with the extracted lipids, we observed that the ionophoric effects of GGN4 in the planar lipid bilayers formed with RBC lipids were not smaller, but even higher than those in planar lipid bilayers formed with E. coli lipids. These results are different from the results showing selective activity on bacterial cells in live bacterial and RBC cells ( Fig. 2 ; Park et al, 2004) , and likely due to the disruption of transbilayer asymmetry of phospholipids in RBC under our experimental conditions. Thirdly, the selective activity of GGN4 may be due to cholesterol present in the human RBC membrane. This idea is supported by the facts that cholesterol is present in human RBC membranes (∼25%), but absent in bacterial membranes (Gennis, 1991) , and that the ionophoric activity of GGN4 was reduced by 6∼7 folds in the planar lipid bilayers containing cholesterol (30%, Fig. 4 ). Our results are consistent with the report on the effects of magainin on RBC and sterol-containing membranes (Matsuzaki et al, 1995) . The reduced activity of GGN4 on the membranes containing cholesterol could be due to the membrane rigidity induced by cholesterol (Bloch, 1991) , the stabilization of lipid bilayer and reduced interactions between cholesterol and the peptide (Matsuzaki, 1999) . However, in the experiments with the extracted lipids from human RBC (Fig. 3) , the ionophoric activity of GGN4 was not smaller, but even larger in the bilayers formed with RBC membranes than in the bilayers formed with E. coli membrane. These results are not consistent with the results, based on K ＋ -efflux or slope conductances in synthetic bilayers. Presently, we do not have any good explanation of why the effect of GGN4 was not reduced in the bilayers formed with lipids extracted from RBC, which are known to contain cholesterol (∼25%). In addition, the slope of double logarithmic curve of concentration-conductance relations was increased in the bilayers containing either PC or PS, but not changed in the bilayers containing cholesterol, indicating that the presence of cholesterol does not significantly affect the cooperativity in GGN4-bilayer association (Kagan et al, 1990) . Taken together, GGN4-induced K ＋ efflux is closely correlated with its antimicrobial activity. The selective activity of GGN4 toward Gram-positive over Gram-negative bacteria may arise from the high level of acidic phospholipids in the Gram-positive bacteria, and the fact that the outer wall of Gram-negative bacteria functions as a barrier for inner phospholipid membranes. In addition, GGN4 induces a pore-like damage across both outer wall and phospholipids membranes in Gram-positive bacteria, however, a dis-layering damage on the outer wall in Gram-negative bacteria. The selective activity of GGN4 toward bacteria over RBC may arise from a stability induced by PC and cholesterol that are present only in the mammalian cells, and from the trans-membrane lipid asymmetry that keeps acidic phospholipids in the inner leaflet of the membranes. Our results indicate that the selective activity of GGN4 is largely dependent on the composition and topology of lipids in bacteria and mammalian cell membranes. The peptide-lipid interactions observed in this study are expected to be valuable clues in designing of antimicrobial peptides with high cell selectivity.
